Abstract
Introduction
Until the 2003-2004 academic session, first year McMaster University engineering students enrolled in a single course, taught to all first year engineering students, entitled Engineering Design and Communication. The goal of this course was to introduce students to the topics of professional engineering, ethics, engineering design, safety, report writing, presentation skills, and graphics. Graphics was taught as pencil sketching, rudimentary drafting using simplified drawing instruments, and basic AutoCAD LT.
This assortment of topics proved to be awkward and led to an inadequate treatment of most of the topics in the course. It was difficult to evaluate student learning of the "soft" topics and consequently tests and exams concentrated almost entirely on graphics. Furthermore, the graphics topics did not reflect contemporary engineering practice. Drafting on paper has virtually disappeared from modern enterprises and medium and large corporations are increasingly moving into the domain of solid modelling software, which emphasizes design over drawing. As an example, the big three North American automotive manufacturers have standardized on solid modelling tools and their suppliers have been forced to follow the lead of the big three.
In light of these considerations, Engineering Design and Communication was split into two courses, Introduction to Professional Engineering and Engineering Design and Graphics. This paper describes the development of the course Engineering Design and Graphics, the central role of visualization skills in the design of the course, and evaluation of the effectiveness of the course. The paper unfolds as follows. In Section 2, visualization skills are defined and methods of evaluation of discussed. How the visualization skills figured in the design of the course is discussed in Section 3. Results of the visualization tests are presented and observations made in Section 4. Final remarks are made in Section 5.
Spatial Visualization Skills

What are spatial visualization skills?
Spatial visualization skills are defined by McGee [1] as the ability to mentally manipulate, rotate, twist, or invert pictorially presented visual stimuli.
lations in two-dimensional illustrations such as an isometric pictorial or multiview. Further, students are also expected to be able to construct spatial relations in their mind and communicate those ideas via computer or paper.
Why are spatial visualization skills important?
Historically, McKim [2] has documented several instances where visualization or seeing has had a major impact on technological and scientific advances. Examples include the discovery of penicillin by Fleming, Watson's discovery of the helical structure of DNA, Kekule's discovery of the benzene ring, and Tesla's development of the fluorescent light.
More recently, eminent engineers have acknowledged the importance of visualization skills for not only civil and mechanical but for all engineering disciplines [3] [4] [5] . Learning the subjects of physics and chemistry is closely linked to strong visualization skills [4] . Hsi et al. reported that visualization skills were important to product designers, manufacturing engineers, circuit designers, construction engineers, etc. [5] .
Recent research has shown some strong links between spatial visualization skills and success in engineering. Bishop [6] notes that successful university graduates perform significantly better on tests of spatial visualization skills. In fact, links have been found between visualization skills, student confidence levels, and the retention of students in undergraduate engineering programmes [7] . Sorby found that by improving the visualization skills of weak students against that of a control group, retention rates in their undergraduate programme improved [8] .
As computer skills have become increasingly important in engineering education, it interesting that Norman found that an individual's spatial skill level is the most significant predictor of success in his/her ability to interact with and take advantage of the computer interfaces [9] .
How are spatial visualization skills measured?
In the literature there are a large number of visualization tests aimed to evaluate students' skill levels reliably. Typically, the tests involved twenty to thirty items each requiring the student to choose one of five possible solutions for each item. These tests aim to evaluate students ability to rotate, "undevelop" a surface, or section a solid.
Two tests stand out as the most commonly chosen by investigators in the field to evaluate their subjects' spatial visualization skill levels. The first of these is the Purdue Spatial Visualization Tests: Rotations (PSVT:R) [10] . This test evaluates the subject's ability to rotate an image in their mind and to visualize the object in the new orientation. The 20 minute test itself consists of 30 items each with five possible solutions. Two samples are provided as instructions before the test is started. One of these samples is shown in Figure 1 . The second of the two tests is the Mental Cutting Test (MCT) [11] which was developed in the late 1930's in the United States to test the spatial skills of college applicants. Here the subject is given 25 items each with five solutions from which to choose. The questions shows an isometric figure and the outline of a cutting plane surrounding the object. The subject must choose the section that would be created by cutting the object with the given cutting plane. Similar to the PSVT:R two example problems are provided in the instructions before the 20 minute test is begun. One of the instructional samples in shown in Figure 2 . In addition, the instructions show in a series of images how the section is transformed into the plane of the page (see Figure 3) . Piaget et al. theorized that individuals progress sequentially through three stages of understanding spatial relations: topological relationships, projective representation, and Euclidean [12, 13] . In an individual's early years they discover topological relationships such as the grouping of objects, order, enclosure by other objectives and immutability of topological properties to folding or stretching. In the projective representation stage, individuals learn to represent objects from perspectives different from their own. This is akin to the rotating the point of view or the object itself. This stage begins in adolescence and development continues throughout university. In the last stage, Euclidean, individuals learn to conserve and manipulate Euclidean notions of distance, proportion, area, angle, and volume. The last two stages overlap during undergraduate studies for most students. Bishop acknowledged that these visualization skills are developed over time [6] .
Typically, four different methods of the improving visualization skills have been considered: 1. sketching, 2. physical models, 3. computer graphics, and 4. descriptive geometry.
It has been found that sketching is the most important factor in the development of spatial visualization skills [14, 15] . Others have found that physical models were highly effective [6] . The use of the computer graphics alone, and in particular solid modelling software, has been shown to not improve visualization skills [15] . Therefore, the challenge is to implement a modern graphics course including solid modelling, but without negatively influencing visualization skills improvement.
Course Implementation
At McMaster University, the first year Engineering Design and Graphics course is taught to the entire enrolment of first year engineering students. Half of the class receives instruction in this course in Term 1 (September to December) and the second half of the class in Term 2 (January to April). The beginning enrolment for the 2003-2004 academic year was approximately 800 students. The course has allocated one hour of lecture, two hours of tutorial, and three hours of lab time per week.
The title of the course implies both an introduction to basic ideas of engineering design plus basics of modern graphics. In addition, visualization skills must also be an integral part of this course. The course objectives are summed up as follows: Experience has demonstrated that a key factor in first year engineering courses is the contact time between the students and instructor. In direct opposition to this principle are the circumstances of a large first year course. The instructor has only one hour of formal contact time with the students each week. However an effective substitute has been found in undergraduate Teaching Assistants (TAs). TAs are hired each August and early September from an enthusiastic pool of undergraduate students. Hiring undergraduate students that recently completed Engineering Design and Graphics has been found to be a tremendous advantage over the conventional practice at McMaster University of using graduate degree TAs. The undergraduate TAs are familiar with the material, have demonstrated their understanding of it, and are better able to empathize with students' problems. Lastly, as a result of the large pool of applicants quality TAs are be selected.
Generally, TAs are selected for two roles. The first is to lead design and sketching tutorials as well as grade related material. A tutorial TA will lead up to 20 students at time. The labs have a capacity of approximately 45 students. One lab TA is assigned for every 15 students. Consequently, there are up to three TAs present per lab. Typically 50 TAs have been hired per term. Student response both verbally and in surveys taken has consistently shown a very high level of satisfaction with the help students have received from the undergraduate TAs.
A key aspect of the implementation of the course is a web-based information system called WebCT [16] .
WebCT provides students, TAs, and instructors with a common set of tools for dissemination of information, evaluation, and communication. Tools such as mail, discussion, chat, syllabus, course materials, quizzes, surveys, announcements, etc. have proved to be invaluable. These tools were restricted by login to students registered in the course. TAs are able to access WebCT to see lesson plans and solution sets. At the end of the course, an optional survey was taken to collect feedback about the course and TAs.
The lab time was used for teaching solid modelling software, the tutorials for design and sketching, and lectures to cover basic theoretical material. Each objective is taught to varying degrees in lectures, tutorials, and labs. By combining multiple strategies for teaching the same material it was hoped students' learning would be enhanced.
Technical Sketching
Technical sketching is a primary skill required for two reasons. It is closely linked to improving spatial visualization skills and it is a valuable skill in and of itself. The ability to quickly and accurately communicate ideas on paper is a vital skill to practicing designers working in teams.
Of the twelve weeks in tutorial, eight are dedicated to teaching two major objectives. Students must learn how to sketch an isometric pictorial from a multiview and a multiview given an isometric pictorial. The multiview may include auxiliary and/or section views.
Contrary to traditional methods, isometric sketching is taught first because it is more familiar than the twodimensional abstraction of multiviews.
Rather than relying on difficult to use chalkboards and overheads, each sketching tutorial begins with a video. The common video helps to mitigate differences in TAs' abilities to sketch. Following the video the TA leads the tutorial through one of the visualization exercises 
Solid Modelling
Often when a course involves learning the use of solid modelling software, instructors have treated the topic as a "soft" subject. That is, evaluating students' on their ability to create designs in a solid modelling software package has been evaluated without rigour. A common evaluation is that of a design project requiring the student to design a part in the solid modelling software. Typically students will then aim to find the shortest path to their goal learning only the minimum required to achieve a satisfactory grade. Topics like two-dimensional constraints of profiles are most often skipped by students.
The aim of teaching solid modelling to first year university students is four-fold. In addition to learning how to use solid modelling software, the goal of Engineering Design and Graphics is to also teach students to read engineering drawings, create engineering drawings, and improve their visualization skills. To achieve all four goals, solid modelling was divided into three topics: part modelling, assembly modelling, and working drawing creation.
Students learn solid modelling in a combination of lectures, labs, and work outside of normal contact hours. In lectures, basic concepts are covered with particular attention to degrees of freedom, twodimensional profile constraints, and assembly relationships. Students are also assigned reading, but the majority of learning takes place in the lab. Since students are not required to have a workstation at home, formal time on workstations is allocated with a weekly three hour lab over the twelve week term.
At McMaster, the solid modelling software, Solid Edge [17] , was chosen for the first year class. Solid Edge is mid-range package with sufficient capabilities for part modelling, assembly modelling, rendering, and creating both detail and assembly drawings. Solid Edge was attractive because of the offer of a single fixed site license with a very reasonable license fee (approximately half of a single seat commercial license). Both students and TAs have found that the user interface is easy to use. Several other mid-range and high-end packages are available on the market such as SolidWorks, Pro/E, Autodesk Inventor, Catia, etc. Ultimately, all these packages work on the same underlying solid modelling principles and consequently learning one substantially reduces the training period when there is a need to learn another. The teaching methods described below would be as easily applied to any of these packages.
How to use a solid modelling software package can only be learned by using it and students will only be motivated to learn if the appropriate evaluation takes place. With part modelling, students are given assignments. Each assignment contains an engineering drawing. To obtain full marks students must reproduce the part in Solid Edge. Essentially, they are asked to "fabricate" the part digitally (or virtually). From week to week the problems become more difficult. Initially, the engineering drawing contains only an isometric pictorial with dimensions. In the following week, the isometric pictorial is amended with multiviews where the multiviews are dimensioned but the isometric pictorial is not. In the next week, the isometric pictorial is removed from the drawing altogether. Then in subsequent weeks auxiliary, section, and detail views are added to increase difficulty.
To create a part or assembly, students must learn how to read the engineering drawing, both detail and assembly, visualize the parts, and create them in Solid Edge with some speed. This has forced them to pay attention to the detail in the drawings such as implicit angles (undimensioned angles are either 90
• or 180 • ), and profile constraints.
To help students learn how to complete the assignments, each lab begins with a video showing them what operations in Solid Edge they will need to learn to complete the given week's assignment. The videos are captured on the computer using Camtasia Studio [18] and voice narration is added. This gives the students a start, then they must use the on-line help in Solid Edge plus the built-in tutorials to learn the remainder. TAs are available to answer questions.
Evaluation of the solutions to these assignments is done by way of the grading rubric shown in Table 1 . TAs evaluate the parts on the computer. Part properties are compared to that of the correct solution. Surface area and volume are often good measures of how correct the part is. However, these metrics alone are insufficient. If a through hole in a block is translated on the face of the block without crossing the sides the volume and surface area remain unchanged. Evaluating the radii of gyration is therefore necessary. In order to give students credit when they have made small errors that result in large property variation, such as using the wrong units, an additional criterion requires the TA to visually inspect the part. The measured criteria are evaluated to fixed number of significant digits to account for possible floating point round off especially when models are created in a complicated manner with a large number of features.
Part modelling is tested with an exam held in the lab. Assembly modelling (Table 2 ) and drafting in Solid Edge are evaluated using rubrics and methods similar to the rubric shown in Table 1 . By Week 9, 10% of the students earned full marks with a class average of nearly 80% for their solutions to a part and assembly exam similar to one shown in Figure 4 . The exam ran two hours and 45 minutes and required the creation of an assembly and two parts from multiview detail drawings and an isometric assembly drawing. Solid Edge models were provided for parts appearing in the bill of materials but for which there were no detail drawings.
Because all aspects of the lab are electronic, WebCT has been invaluable in issuing assignments and exams randomly from a bank. Students must submit all assignments and exams via WebCT. This also provides a fixed record of grades. To reduce the opportunities for academic dishonesty multiple versions of all assignments and exams have been developed. 
Engineering Design Process
As a capstone to course material, students work in teams of five to six to design a solution to an engineering problem. The problems are brought to us by the Tetra Society of North America [19] . Tetra helps their clients -people with disabilities -by finding solutions to everyday problems. The problems and their solutions are usually mechanical in nature. Students are expected to sketch their preliminary design, participate in a design review meeting with their peers, create working drawings of their proposed solutions and then communicate the solution in both a report and a presentation to the clients. Student feedback has been highly positive regarding the design project.
Visualization Skills Testing
Each student is required to complete the PSVT:R and MCT once in Week 1 and again in Week 12. In order to provide an incentive, a penalty was imposed on any student who failed to write one or more of the tests. Using the grade on the visualization tests as a bonus was dismissed as this would encourage students to cheat or prepare -neither of which is desirable.
The , the tests were taken by students reading from photocopied pages and recording their answers on optical scanning cards. In the most recent term, the tests were moved to WebCT. Figure 5 and Figure 6 illustrate how the tests appear on WebCT. This simplified testing the students. Tests were run in the lab during lab time and separate rooms and invigilators did not have to be organized. Table 3 and Table 4 [20] . Table 5 and Table 6 illustrate the improvement in student scores over the term during which they were taking the course. In Term 1, the test scores increased significantly: 10.4% and 12.4% for the PSVT:R and MCT, respectively. These improvements compare well with the results found in the literature for comparable courses. However, improvement of the Term 2 test scores are noticeably lower, 3.7% and 4.5%, respectively. The two groups of subjects, Term 1 and Term 2, are both taken from the same student body. The initial scores for Term 2 are stronger than those of Term 1 since other courses would have an effect on visualizations skills as well as an additional four months of maturity. Between these terms the location, timing, and method of testing were slightly altered. The tests were run in lab instead of outside formal hours, on WebCT instead of on paper, and the second test was run immediately following an exam in lab. Given that the students had greater maturity, had learned that the tests are not a factor in their grade unless they did not write them, and they were fatigued from the exam, their motivation to write the exam with a reasonable effort may not have been present. Arranging for the visualization test of Week 12 to be taken before the exam may demonstrate the correctness of this conclusion in future terms. The Week 1 test scores of the 2003-2004 academic year are equal or greater than the Week 12 test score of the previous year and previous course. Now considering the improvements in the test scores this may indicate the new course is achieving both a significant improvement in visualization skills and teaching new Ontario universities experienced the "double cohort". The provincial government has phased out Ontario Academic Credits (OACs). As a result, two years of students competed for one year's enrolment. Anecdotal evidence indicates that the students were stronger academically.
Conclusions
Visualization testing at McMaster University has indicated that the a new course combining sketching, solid modelling, and design has a strong positive impact on visualization test scores. In comparison to the previous course the new teaching methodologies are promising.
For future work, the evaluation of solid modelling assignments is a strong candidate for automation and automatic feedback of errors for students. 
